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ABSTRACT
Human AlkB homologues ABH2 and ABH3 repair
1-methyladenine and 3-methylcytosine in DNA/
RNA by oxidative demethylation. The enzymes
have similar overall folds and active sites, but
are functionally divergent. ABH2 efficiently
demethylates both single- and double-stranded
(ds) DNA, whereas ABH3 has a strong preference
for single-stranded DNA and RNA. We find that di-
vergent F1 b-hairpins in proximity of the active sites
of ABH2 and ABH3 are central for substrate
specificities. Swapping F1 hairpins between the
enzymes resulted in hybrid proteins resembling
the donor proteins. Surprisingly, mutation of the
intercalating residue F102 had little effect on
activity, while the double mutant V101A/F102A was
catalytically impaired. These residues form part of
an important hydrophobic network only present in
ABH2. In this functionally important network, F124
stacks with the flipped out base while L157 appar-
ently functions as a buffer stop to position the lesion
in the catalytic pocket for repair. F1 in ABH3
contains charged and polar residues preventing
use of dsDNA substrate. Thus, E123 in ABH3 corres-
ponds to F102 in ABH2 and the E123F-variant gained
capacity to repair dsDNA with no loss in single
strand repair capacity. In conclusion, divergent se-
quences outside of the active site determine sub-
strate specificities of ABH2 and ABH3.
INTRODUCTION
Cells are continuously exposed to agents that methylate
DNA, such as tobacco-speciﬁc nitrosamines (1) and
cellular S-adenosylmethionine (2). In addition,
methylating drugs, e.g. temozolomide, are used in cancer
treatment (3). Importantly, repair enzymes may modulate
sensitivity to methylating agents. Among these are
Escherichia coli AlkB and human AlkB homologues 2
and 3 (ABH2, ABH3) that directly repair 1-methyladenine
(1-meA), 3-methylcytosine (3-meC) and some other base
lesions in DNA, using ferrous iron and 2-oxoglutarate
(2OG) for oxidative demethylation (4–7). The reactive
iron is co-ordinated by a conserved HxD/ExNH motif in
a double-stranded (ds) b-roll-fold as in other members of
the dioxygenase superfamily (8). Their catalytic core
domains have similar overall fold (9–12), but divergent
ﬂexible loop segments with distinct conformations are
likely motifs important for substrate speciﬁcity in AlkB,
ABH2 (11) and ABH3 (13).
ABH2 repairs methylations in dsDNA and
single-stranded (ss) DNA. It is strictly nuclear and
during S-phase it localizes in replication foci (7) where it
interacts with proliferating cell nuclear antigen through
the recently identiﬁed APIM-motif (14). Mouse
knockout cells with targeted disruption in the Abh2-gene
demonstrated reduced repair of 1-meA in DNA. They also
displayed increased sensitivity to methylating agents and
measurable accumulation of 1-meA in the genome even
without exposure. In contrast, no indication of reduced
repair was observed in ABH3 knockout cells (15). This
indicates that ABH2 is a major demethylase, while the
in vivo roles of ABH3 and other AlkB homologues
remain obscure. ABH3 has a strong preference for
ssDNA substrate, but also eﬃciently demethylates
RNA (7,16). A likely function of ABH3 other than
DNA repair is also indicated by its localization to nuclei
and cytoplasm (7).
Given the high structural similarity of ABH2 and
ABH3, their divergent functions would seem surprising.
The crystal structures of ABH3 and ABH2 have given
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action. However, for ABH2 no mutagenesis experiments
to back up structural data are available and for ABH3,
mutagenesis has mostly explored the function of active site
residues. Short divergent b-hairpins (F1) in ABH2 and
ABH3 in proximity of the active sites have been implicated
in substrate binding from structural data (9,11).
Here, we have explored the function of the F1 loops and
residues that interact with these loops in ABH2 and ABH3
(13). Motif swapping and site-directed mutagenesis reveal
that the divergent F1 motifs in ABH2 and ABH3 are
essential for substrate speciﬁcity of the enzymes. F1 of
ABH2 intercalates into the dsDNA minor groove and
F102 was suggested to aid ﬂipping of the damaged base
into the active site of ABH2 (11). Surprisingly, we ﬁnd
that F102 can be mutated to Ala with little consequence
for ds or ssDNA repair, while the hydrophobic neighbour
V101 is very important. Furthermore, the activity of the
V101A/F102A double mutant is catalytically strongly
impaired. In addition, V99 that interacts with both V101
and F102, is also important for demethylation of both ss
and dsDNA. Moreover, we have identiﬁed a hydrophobic
network extending beyond the F1 loop in ABH2. This
network appears to be tailored to ensure proper
substrate-binding, stable ﬂipping and exact positioning
of the damaged base in the active site.
MATERIALS AND METHODS
Site-directed mutagenesis and construction of hybrid and
deletion proteins
Plasmids encoding ABH2 or ABH3 (7) were used to
generate all mutant proteins. Site-directed mutagenesis
was conducted according to the standard QuickChange
protocol (Stratagene) and the entire coding sequence of
the vector was sequenced to conﬁrm the presence of
the correct mutation. Identity of the F102A variant
was additionally conﬁrmed by MALDI time-of-ﬂight
mass spectrometry analyses of peptides after trypsin
digestion.
ABH2-F1AB3 and ABH3-F1AB2 hybrid proteins were
generated by switching amino acids V89 to V108 (F1) in
ABH2 with V113 to Q129 (F1) in ABH3. To construct the
ABH2-F1AB3 hybrid, the F1 insert fragment of ABH3
was ampliﬁed by PCR with Turbo Pfu DNA Polymerase
(Stratagene), using ABH3 pET-28a plasmid and primers 1
and 2 (Supplementary Table S1). The entire ABH2
pET-28a plasmid with exception of the F1 fragment was
ampliﬁed by PCR using primers 3 and 4 (Supplementary
Table S1). PCR produced blunt end fragments that were
puriﬁed from agarose gel (QIAquick gel extraction kit,
Qiagen). The F1 containing insert fragment from ABH3
was placed into the ABH2 plasmid with the F1 containing
segment deleted, using Quick Ligase (NEB) before cloning
into DH5a cells. To construct the ABH3-F1AB2 hybrid,
we used a strategy creating a mega-primer (17) sequential-
ly used to produce the desired construct. More detailed,
the F1 insert fragment of ABH2 was ampliﬁed by PCR
using ABH2 pET-28a plasmid and primers 5 and 6
(Supplementary Table S1), producing a fragment of
ABH2 containing F1 with ﬂanking sequences from
ABH3 wild-type (wt) protein. Two separate PCR reac-
tions were next performed, both with the fragment
produced in the previous step and ABH3 pET-28a
plasmid. The ﬁrst PCR included the T7 promotor
primer and the second included the T7 terminator
primer. The two fragments produced held ABH2 F1, the
ﬁrst also contained the sequence preceding F1 in ABH3
(from the T7 promotor primer site to D112) and the latter
contained the sequence after F1 in ABH3 (from P130 to
the end of the T7 terminator primer site). The two result-
ing fragments were puriﬁed from agarose gel and joined
by PCR. Correct plasmid construction was veriﬁed by
sequencing of the entire coding sequence and examining
directionality of the insert by PCR and restriction enzyme
digestion.
F1 deletion mutants ABH289-108 and
ABH3113-129 were generated by deleting amino acids
V89 to V108 in ABH2 and V113 to Q129 in ABH3. The
entire ABH2 or ABH3 pET-28a plasmid minus the
segment to be deleted was ampliﬁed by PCR, producing
blunt ended constructs puriﬁed by gel extraction,
50-phosphorylated with T4 polynucleotide kinase (NEB)
and ligated with Quick ligase (NEB). Deletions were
veriﬁed by gel electrophoresis of digested plasmid
products, in addition to sequencing of the entire coding
sequence. Primer set 3/4 for ABH289-108 and primer set
9/10 for ABH3113-129 were used to accomplish the
deletion (Supplementary Table S1).
Expression and puriﬁcation of ABH2 and ABH3
The wt and mutant proteins were expressed in E. coli
BL21(DE3)RIPL cells grown at 37 C in Luria–Bertani
medium with kanamycin (30mg/ml). When OD600
reached 0.6, cultures were induced with isopropyl
b-D-thiogalactoside (0.1mM) for 4h at 37 C before har-
vesting. Cells were re-suspended in a buﬀer of 50mM
Na2PO4 (pH 7.5), 300mM NaCl, 0.01% Tween 20, 1 
Complete-Protease inhibitor (EDTA-free, Roche), 2mM
b-mercaptoethanol and lysed by sonication. Mutant and
wt proteins were puriﬁed as described (7), with some
modiﬁcations. Immobilized metal aﬃnity chromatog-
raphy was used to purify cleared cell lysates (TALON
resin, Clontech) and protein fractions were additionally
puriﬁed by ion exchange chromatography, using a
HiTrap SP HP sepharose column (GE Healthcare) and
eluting with a NaCl gradient. Protein purity was veriﬁed
by SDS–PAGE (Supplementary Figure S1) and concen-
trations determined using the Experion system (BioRad).
DNA repair assay
Repair of 3-meC in ss and dsDNA oligonucleotide sub-
strates was determined as described (18), with some modi-
ﬁcations. A carboxyﬂuorescein end-labelled 49-mer
oligonucleotide (ss or dsDNA) containing 3-meC in the
recognition site for the methylation-sensitive restriction
endonuclease DpnII was used as substrate for puriﬁed
AlkB homologues. The 3-meC oligonucleotides were
incubated with enzyme and subsequently cut with
DpnII. Generation of cleavable substrate was then
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PAGE. For single-turnover assays, ABH2wt or amino
acid variants (1pmol) were incubated with ss or ds oligo-
nucleotide substrate (1pmol). To assay repair of ABH3wt
and amino acid variants, 1pmol of oligonucleotide sub-
strate was incubated with 10pmol of enzyme. To further
characterize the enzymatic activity of wt ABH2 and
ABH3 and hybrid enzymes, increasing amounts of
enzyme (0.3, 1, 3 and 10 pmol) were incubated with
1pmol of ss or ds oligonucleotide substrate. All reactions
were run at 37 C for 20min in a 50ml reaction mix and
assays were run at least three times if not otherwise stated.
Buﬀer composition was optimized for ABH2 and
ABH3wt and hybrid enzymes with ss and ds substrates
(results not shown). Activity of all enzymes was assayed in
a buﬀer of 200mM 2OG, 20mM FeSO4 and 100mg/ml
BSA. For ABH2 enzyme and mutants assayed with ss
substrate, the buﬀer contained additionally 20mM Tris
(pH 7.9), 200mM KCl and 2mM ascorbic acid. The
same buﬀer with increased KCl concentration (300mM)
was used for ds substrate. For ABH2-F1AB3 the same
buﬀer was used for both substrates and contained add-
itionally 20mM Tris (pH 7.9), 100mM KCl and 2mM
ascorbic acid. For ABH3 enzyme, mutants and
ABH3-F1AB2 the same buﬀer was used for both sub-
strates and contained aditionally 20mM Tris (pH 7.0),
80mM KCl and 4mM ascorbic acid. The ds oligo sub-
strate was prepared by annealing 3  molar excess of com-
plementary oligo to the 3-meC containing oligo in a buﬀer
of 10mM Tris pH 8.0 and 50mM KCl.
CO2 release assay for 2OG turnover
Deletion mutants were assayed for turnover activity of
radioactively labelled 2OG as described earlier (18). In
more detail, ABH2, ABH3, ABH289-108 and
ABH3113-129 were incubated with 100mM 2OG con-
taining 10% 1-[
14C]2OG (54.5mCi/mmol speciﬁc
activity) in a reaction buﬀer previously indicated.
Hyamine hydroxide in a separate tube (2M, 150ml) was
placed into each sample vial and the vials were closed.
Reactions were incubated at 37 C for 1h, quenched by
addition of triﬂuoroacetic acid (50%, 15ml) and further
incubated on ice for 1h. The release of
14CO2 from 1-
[
14C]2OG was detected by scintillation counting of the
hyamine hydroxide solution.
Illustrations
Structural images were made in PyMOL, DeLano, W.L.
The PyMOL Molecular Graphics System (2002) DeLano
Scientiﬁc, Palo Alto, CA, USA (http://www.pymol.org),
and ﬁgures prepared for publication using Adobe
Illustrator CSIII (http://www.adobe.com/).
RESULTS
Divergent F1 loops in ABH2 and ABH3 are essential for
demethylase activity and substrate speciﬁcity
The F1 loops in proximity of the active sites are composed
of 20 and 17 residues in ABH2 and ABH3, respectively. In
addition to a b-hairpin, ABH2 F1 contains a short a helix,
forming an F1 loop equal in length to the one in ABH3
(Figure 1A). The primary structure of ABH2 F1 is hydro-
phobic, whereas ABH3 F1 has excess of charged and
hydrophilic residues. Deleting the F1 loop (Figure 1B),
creating ABH289-108 and ABH3113-129, abolished
repair activity for 3-meC in ss and dsDNA (data not
shown). However, ABH289-108 retained ability to turn
over 2OG to succinate and CO2, indicating intact catalytic
domain (Supplementary Figure S3). ABH2 is approxi-
mately equally active on ds and ssDNA, while ABH3
has at least 30-fold preference for ssDNA (Figure 1C
and D). To examine the signiﬁcance of the F1 loops for
substrate speciﬁcity, we swapped these segments between
ABH2 and ABH3 (Figure 1B). The resulting
ABH3-F1AB2 hybrid repaired 3-meC in ssDNA with ef-
ﬁciency similar to wt ABH2 and ABH3 (Figure 1C).
Furthermore, ABH3-F1AB2 had markedly increased
ability to repair 3-meC in dsDNA, when compared with
ABH3 (Figure 1D). In contrast, the opposite hybrid,
ABH2-F1AB3 was catalytically dead with dsDNA, but
displayed measurable demethylase activity on ssDNA,
although strongly reduced compared with wt (Figure 1C
and D).
These results demonstrate that the unique ability of
ABH2 to eﬃciently repair 3-meC in dsDNA is speciﬁed
mainly by the F1 hairpin. Similarly, the F1 hairpin of
ABH3 mediates ssDNA substrate preference. Whereas
the F1 hairpin deletion mutant ABH289-108 lost all
demethylase activity, this protein retained ability to de-
carboxylate 2OG, indicating that the catalytic domain is
intact. In contrast, deletion of F1 in ABH3 resulted in loss
of both demethylase and decarboxylase activity, indicating
a possible eﬀect on the overall structure of the catalytic
domain.
Acidic residues in ABH3 F1 discriminate against use of
dsDNA substrate
ABH3-R122 and ABH3-E123 in the F1 b-hairpin have
been implicated in substrate interaction (9). To explore
substrate preferences further we generated ABH3 ss or
ds mutants in which F1 residues R122, E123, D124 or
Y127 were replaced by the structurally corresponding
residues in ABH2 (13). Previously, we demonstrated that
replacing the putative intercalating R122 by Ala
(ABH3-R122A) reduced activity towards ssDNA moder-
ately and dsDNA substrate strongly (9). In contrast, the
R122V mutant had full activity with ssDNA and only
very slightly reduced activity with dsDNA substrate
(Figure 2A). Thus, a positive charge at residue 122 is
not required for substrate discrimination. However, the
length of the side chain of this residue is important both
for activity and ds/ssDNA discrimination, indicating a
possible ﬁnger–residue function of R122. Note that in
the ﬁgure, activity with ss and dsDNA substrate has
been normalized to 1, although absolute activity with
ssDNA is >30-fold higher than with dsDNA. Single
residue mutants ABH3-E123F and ABH3-D124G dis-
played 5.2- and 2.5-fold increased activity with dsDNA
substrate, respectively. They are, however, not required
Nucleic Acids Research, 2010,Vol.38, No. 19 6449for activity on ssDNA substrate, suggesting that the role
of E123 and D124 is to prevent use of dsDNA substrate.
Noticeably, the ABH3-E123F mutant displayed activity
on dsDNA substrate approaching that of the
ABH3-F1AB2 hybrid. Creating a local hydrophobic
ABH2-like wedge at the tip of F1 b4-b5 in ABH3
(R122V/E123F) also markedly increased dsDNA
activity, although not quite to the level of the E123F
mutant. ABH3-Y127 points its phenolic hydroxyl into
the putative DNA-binding groove (Figure 2B). A His
residue is found in the equivalent position in ABH2. The
ABH3-Y127H variant displayed wt activity on ssDNA
substrate, and 1.4-fold increase in activity with dsDNA
(Figure 2A). In conclusion, E123 and D124 are major de-
terminants for the ssDNA speciﬁcity of ABH3 while Y127
has a more limited role.
Wedging dsDNA with F102 is dependent on
V101 in ABH2
The side chain of F102 in ABH2 is inserted into the base
stack of duplex DNA and occupies the vacant space
resulting from base ﬂipping, indicating a prominent role
of this residue (11). Unexpectedly, the F102A variant
retained 100 and 80% activity towards 3-meC in ssDNA
and dsDNA, respectively. In contrast, the V101A variant
retained only 40 and 20% demethylase activity on ss and
dsDNA substrate, respectively. Furthermore, the double
mutant V101A/F102A retained <10% of wt activity
(Figure 3A), demonstrating the importance of this inter-
acting hydrophobic pair in the F1 loop (Figure 3B). The
signiﬁcance of V101 was further investigated by
introducing Gly and Ser in this position. Removing the
side chain (ABH2-V101G) resulted in a protein with
hardly detectable activity on dsDNA substrate and only
15% activity on ssDNA. However, when introducing the
small polar serine (ABH2-V101S), almost 50% of the wt
activity on ssDNA was retained, whereas activity with
dsDNA substrate was very low. Similarly, the
ABH2-V101R mutant had close to wt activity on
ssDNA, but strongly impaired activity on dsDNA. All
mutants displayed similar properties when assayed in
3:1 excess of protein compared with substrate, indicating
3 H B A / 2 H B A 3 H B A 2 H B A A
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ABH3-Δ113-129:  CQDPRL
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Figure 1. ABH2 and ABH3 structures, mutagenesis strategy and repair activity of hybrid proteins. (A) Left and middle: surface presentations of
ABH2 (PDB ID: 3buc) and ABH3 (PDB ID: 2iuw) with bound ds and ssDNA substrate, respectively. The 1-meA in the active sites is indicated. The
coordinates for the lesion-containing strand in ABH3 were obtained by superimposing the ABH3 (PDB ID 2iuw) onto cross-linked ABH2-dsDNA
(PDB ID 3buc). The F1 motifs are shown as ribbons and highlighted in red and green for ABH2 and ABH3, respectively. Right: superimposed
ABH2 (light blue) and ABH3 (light yellow) structures presented as ribbons with the DNA recognition lid coloured in red for ABH2 and green for
ABH3. (B) Swapping strategy and key residues mutated. The a-helix (red cylinder) and b-strands (blue arrows) in F1 of ABH2 and ABH3 are
indicated below the wt sequences. Residues in F1 selected for site directed mutagenesis are marked with black vertical arrows. (C and D) Repair
activities of ABH2 and ABH3wt and F1 hybrid proteins on ss (C) and ds (D) 3-meC DNA substrate. Each data point is the result of four
independent experiments with standard deviation indicated as error bars.
6450 Nucleic Acids Research, 2010,Vol.38, No. 19that single turnover is also impaired (data not shown).
G103 in ABH2 corresponds to D124 in ABH3; thus we
generated an ABH2-G103D mutant to test if this
ABH2-variant would also lose ABH2 properties and
gain ABH3-like properties. Indeed, we observed a strong
reduction in demethylase activity with dsDNA substrate,
whereas activity with ssDNA was essentially retained
(Figure 3A). The charged F1 residues R122 and E123 in
ABH3 correspond to V101 and F102 in ABH2 structure.
However, the catalytic eﬃciency of the ABH2-F102E
mutant was <10% on both ss and dsDNA substrate,
whereas the double mutant V101R/F102E was catalytic-
ally dead (Figure 3A).
These results demonstrate the signiﬁcance of hydropho-
bic intercalating residues in F1 of ABH2 for activity on
dsDNA. Substitution with charged and polar residues in
the F1 b-hairpin compromises use of duplex DNA as sub-
strate and results in an enzyme that gain ABH3-like
properties.
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Figure 3. Repair activity of ABH2 and role of hydrophobic F1 wedge.
(A) The 1 pmol substrate was incubated with 1 pmol protein for 20min
at 37 C. Columns display repair of 3-meC in ss or dsDNA by F1
wedge mutants, compared to wtABH2. Relative activities were
normalized to wt ABH2 (set to 1) for repair of ss and dsDNA sub-
strate. Repair was quantiﬁed from at least three independent experi-
ments, with standard deviation indicated. (B) Close-up view of residues
(balls and sticks) in the F1 b-hairpin motif in ABH2 (PDB ID: 3buc).
Residues selected for mutagenesis are coloured red. Duplex DNA
(lines) in pink and gold for lesion and complementary strand, respect-
ively. The 1-meA in extra-helical position is in green.




















































































































Repair of 3-meC by ABH3 F1 mutants A
Light columns: ssDNA (   )
Dark columns: dsDNA (   )
Figure 2. Substrate preference of ABH3 F1 mutants. (A) Repair
activity of ABH3 F1 mutants and ABH2 relative to wtABH3. The 1
pmol substrate was incubated with 10 pmol protein for 20min at 37 C.
Repair of 3-meC in ss or dsDNA is presented relative to that of
wtABH3, for which relative repair is normalized to a value of 1 for
both ss and dsDNA repair. Results are from at least three independent
experiments with standard deviation indicated. (B) Close-up view of
ABH3 F1 b-hairpin residues (balls and sticks) (PDB ID: 2iuw).
Residues selected for mutational studies are shown in green. The co-
ordinates for the dsDNA (lines) were obtained after superimposing
ABH3 onto ABH2. The 1-meA in extra-helical position is in magenta.
Nucleic Acids Research, 2010,Vol.38, No. 19 6451ABH2 F1 is part of a functionally important
hydrophobic network
The unexpected importance of ABH2-V101 prompted us
to examine other conserved hydrophobic residues in F1 of
ABH2. A hydrophobic network of interacting residues
was found using the Protein Interactions Calculator web
server, when setting a cut-oﬀ value at 5A ˚ (19). Analysis of
mutants demonstrated that most of these hydrophobic
residues are indeed important for activity (Figure 4).
Central in this network is V99 that interacts with V101
and V108 in F1 and F124 and L127 in F2 (deﬁned in
Figure 1). Substituting V99 or V108 with a smaller Ala
residue reduced demethylase activity signiﬁcantly, and the
double Ala mutant rendered the enzyme essentially
inactive (Figure 4C). Gly and Glu variants in position
99 and 108 also impaired activity of ABH2. Leu and
Ile variants, present in some species (Supplementary
Figure S4) were less aﬀected (Figure 4C, and data not
shown).
Introducing Thr in positions 99 or 108 would cause
minor changes in occupied space compared to Val, but
some hydrophobic interactions would be lost due to the
hydroxyl group. Interestingly, the ABH2-V99T and V99A
mutants displayed similar activity against ssDNA.
However, V99T retained only  30% activity against
dsDNA substrate when compared to V99A. This may
suggest that ﬂipping of the damaged base in a dsDNA
context is dependent of a cooperative interaction
between the two strands of the intercalating b-hairpin
loop. Introducing a hydroxyl group (in V108T) instead
C



























































































































































Repair of 3-meC by ABH2 hydrophobic network mutants
Selected hydrophobic interactions
between F1 and F2  in ABH2
Light column: ssDNA (   )
Dark column: dsDNA (   )
Figure 4. Hydrophobic network in ABH2 required for base ﬂipping and stabilization in the active site. (A) Schematic presentation of residues in the
hydrophobic network (<5A ˚ , dashed black lines), with residues selected for mutagenesis displayed as red (F1 residues), orange (F2 residues) or blue
rings (active site). Activities of Ala variants on dsDNA were compared to wt ABH2 as indicated. (B) The hydrophobic network comprises residues in
F1 (V99, V101, F102 and V108, in red), in F2 (F124, L127 and L129, in orange) and L157 (light blue) in the b-jelly roll fold. The lesion-containing
strand is presented as indicated. The ferrous iron (light brown sphere) is coordinated (dashed magenta lines) by H171, D173 and H236, presented as
light-blue lines (PDB ID: 3buc). (C) Repair activity of ABH2 hydrophobic network mutants. The 1 pmol substrate was incubated with 1 pmol
protein for 20min at 37 C. Error bars represent standard deviation.
6452 Nucleic Acids Research, 2010,Vol.38, No. 19of methyl in the Cg2 position (in V108) had similar but
less pronounced eﬀect, possibly caused by loss of hydro-
phobic interaction with A97.
The hydrophobic network also comprises the conserved
Y122, F124, L127 and L129 in F2 (Figure 4A and B and
Supplementary Figure S4). The extra-helical damaged base
is sandwiched between H171 in the HxDxNH motif and
F124 (11). The F124A mutant was catalytically dead, pre-
sumably mainly because of loss of the important
base-stacking function of Phe (Figure 4C). To test if L127
and L129 in the hydrophobic network provided more than
shape complementarity to the structure, we replaced them
with Ala or Thr. The L127A and L129A mutants displayed
similar reduction in activity compared to wtABH2.
Interestingly, the reduction was more pronounced with
dsDNA than with ssDNA substrates for both Ala
variants. The L127T mutant, however, retained wt
activity with ssDNA and  90% activity with dsDNA, sug-
gesting that L127T Cg2 replaces most of the hydrophobic
interactions provided by L127Cd1 and Cd2 atoms. A Thr
residue in position 129 also partially compensated for the
interactions made by the Cd atoms of L129.
ABH2-L157 is an active site residue positioned in the
catalytic ds b-roll domain, but it is also part of the hydro-
phobic network (Figure 4A and B). L157 corresponds to
the catalytically important L177 in ABH3 and L118 in
AlkB (7,9). The ABH3-L177A mutant retained  30%
wt activity when assayed on 3-meC in ssDNA (9),
whereas ABH2-L157A only retained 2–3% activity
(Figure 4C). Furthermore, site directed mutants of
residue L177 in ABH3 (L177A/I/M/N) caused signiﬁcant-
ly larger loss of demethylation of 1-meA compared with
3-meC. These observations point to a role L177 and L157
in exact positioning of substrate in the active site, possibly
serving a role as buﬀer stop.
The unexpected importance of the hydrophobic residues
V99, V101, V108, L127 and L129 in F1 and F2 suggests
that these residues must be hydrophobic and provide
shape complementarity in the DNA-binding groove of
the enzyme–substrate complex for optimal activity. The
cooperative function provided by these residues is more
important to ABH2 activity in dsDNA than in ssDNA
context. As a test for the structural integrity of the
ABH2 mutants, we also measured their ability to decarb-
oxylate 2OG. For all eight hydrophobic network mutants
examined, decarboxylase activity was better preserved
than demethylase activity and with the exception of
L157A, decarboxylase activity ranged from 80–120% of
wt (Supplementary Figure S5). L157 may be a special case
since it is an active-site residue in proximity of 2OG,
although not directly interacting. Furthermore, mutants
engaged in the proposed hydrophobic network were
obtained in fairly similar yields during puriﬁcation (data
not shown). This indicates that their solubility and folding
were not substantially deranged.
DISCUSSION
We have explored the molecular basis for the divergent
functions of human ABH2 and ABH3. These proteins
are closely related members of the AlkB subfamily of
dioxygenases that use O2 and 2OG as co-substrates in
oxidative demethylation of DNA or RNA. Structural
data have indicated that residues in short, divergent loop
motifs may be involved in determining substrate prefer-
ences (9–11). Comparisons based on structure and
sequence alignments guided us in targeting of potentially
important residues by site-directed mutagenesis. Deletion
of F1 in ABH2 and ABH3 demonstrates that this motif is
essential for the repair of methylated bases, while some
capacity for uncoupled decarboxylation of 2OG was
retained (Supplementary Figure S3). Swapping the F1
motifs between the enzymes veriﬁed that F1 is central in
determining substrate preferences (Figure 1). Structure-
based alignment of F1 loops of ABH1, ABH2, ABH3
and FTO demonstrated very low overall conservation.
However, Val, Lys and Pro residues were found in corres-
ponding positions in three out of the four human AlkB
homologues (Supplementary Figure S6).
The elegant structure of ABH2 in complex with a DNA
oligonucleotide suggested a prominent role of the side
chain of F102 that intercalates the base stack via the
minor groove (11). Unexpectedly, site directed mutagen-
esis of this residue alone (F102A mutant) had little eﬀect
on ds and ssDNA repair, while its hydrophobic neigh-
bour, V101, was much more important. However, the
double mutant (V101A/F102A) was catalytically dead,
demonstrating the functional signiﬁcance of these hydro-
phobic residues as a pair (Figure 3). The F102E variant
was also inactive. Further bioinformatic analysis and
site-directed mutagenesis identiﬁed a larger functionally
important hydrophobic network unique to ABH2. This
network comprises residues in F1, F2 and the active site
(Figure 4). A similar hydrophobic network is not present
in ABH3. Apparently, ssDNA preference is less exactly
tailored than dsDNA repair, both in ABH2 and ABH3.
Thus, several of the ABH2 mutants that had lost dsDNA
repair capacity retained essentially full ssDNA repair
capacity (Figure 3). Furthermore, mutagenesis of ABH3
revealed that charged residues in its F1 b-hairpin have a
role in discrimination against use of dsDNA, rather than
to promote ssDNA repair. Thus, inserting hydrophobic
residues instead of the acidic ones generally did not
aﬀect capacity for ssDNA repair signiﬁcantly, but
resulted in gain of dsDNA repair capacity (Figure 2).
Importantly, mutants in the hydrophobic network in
ABH2 generally aﬀected decarboxylase activity far less
than demethylase activity, indicating that the structures
of the mutant proteins were not grossly deranged.
In general, DNA repair enzymes may intercalate diﬀer-
ent types of residues, yet most commonly hydrophobic or
positively charged ones, into the DNA helix to ﬂip and
stabilize the enzyme–substrate complex. V101 and F102 of
ABH2 together are apparently central for catalytic activity
by forming a wedge that stacks between bases located
both in the lesion and complementary strand. The
orphan base is stably ﬂipped out, while the adjacent down-
stream base is left in a (partly) ﬂipped-out position (11).
V101 may also contribute by partially occupying the
vacant space from the ﬂipped out deoxyribose. The inter-
acting pair F102/V101 is probably also important by
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calating F1 b-hairpin. A similar dual b-hairpin wedge is
found in AAG (3-alkyladenine DNA glycosylase), where
the wedge is composed of I161 and Y162. However, the
Y162A mutant of AAG had minimal glycosylase activity
(20), while no data is available for I161.
In addition to stabilizing the hydrophobic network,
ABH2-L157 located in close proximity of the active site
may function as a buﬀer stop to position the methylated
base for the oxidation reaction. The corresponding
residue, L177, in ABH3 is also important for catalytic
activity (9), although not to the same degree as
ABH2-L157, which may also have an important role in
connecting the catalytic domain with the ﬂexible loop
segments, F1 and F2, involved in ﬂipping and stabilization
of the damaged base in an extra-helical position.
ABH3-L177 in the active site is easily autooxidized, pre-
sumably inactivating the protein, but a physiological role
of this oxidation remains a possibility (9). Thus, a form of
AlkB with low-substrate aﬃnity apparently resulted from
self-hydroxylation of W178, but oxidation at L118 (L157
in ABH2) was not excluded (21).
Taken together, these ﬁndings provide a detailed under-
standing of how substrate interaction and speciﬁcity
occurs in the human AlkB homologues ABH2 and
ABH3. We show that their divergent F1 motifs and a
unique hydrophobic network in ABH2 are involved in
substrate preferences. Alignments of the AlkB family of
proteins indicate that other AlkB homologues are likely to
have similar overall folds (22) and several, if not all, hold
distinct motifs corresponding to F1, possibly involved in
substrate interaction (9–11,18,23). The wide substrate di-
versity of 2OG-dependent members of the dioxygenase
family is intriguing, given the conserved structure and
catalytic mechanism. Among the nine AlkB homologues
identiﬁed, ABH1, ABH3 (7,18) and FTO (23) share the
ability to demethylate ssDNA and RNA in vitro, but
unlike ABH2 they work very poorly on dsDNA.
However, only ABH2 has a well documented function in
DNA repair in vivo, and ABH3 apparently does not con-
tribute measurably (15). If ABH3 has a role in DNA
repair it could be limited to special ssDNA areas. It is
possible that F1 and F2 of ABH3 are involved in
binding of substrates other than DNA, e.g. RNA. It is
not even clear that the major substrate would represent
repair of aberrant lesions, since some of the potential
RNA substrates (e.g. 3-meC) are also found as normal
modiﬁcations.
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